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 Abstract — This paper proposes a new in-wheel motor drive 
for electric vehicle (EV), which utilizes the outer-rotor topology 
to directly couple with the tire rims and hence removing the 
mechanical transmission. The key is to use the vernier structure 
for obtaining the high-speed to low-speed gear effect and 
achieving the high output torque at low speed operation. Also, 
the proposed motor drive adopts the DC field winding for 
performing the flux weakening control at high speed operation. 
Thus, this new in-wheel motor drive can smoothly operate within 
the speed range of 0~1000rpm at different operation modes for 
EVs. The motor drive and its three-operation modes for EV 
operation, as well as the steady-state and transient performances 
are analyzed by using the time-stepping finite-element-method. 
I. INTRODUCTION 
In recent years, electric vehicles (EVs) are regarded as a 
friendly candidate for improving environment issue and global 
warming by greatly reducing the fossil fuels [1]-[11]. 
Different from the traditional automobiles, the propulsion 
system of EVs or hybrid EVs (HEVs) utilize the motor drives 
as the major or auxiliary power facility [12]-[23]. Hence, the 
propulsion trains of EVs or HEVs have their different 
topologies from those of the traditional automobiles. In-wheel 
motor drives, as one of the main propulsion systems for EVs, 
are very attractive and feasible for practical application, since 
they have the effective feature of offering the electronic 
differential action [24]-[28]. Since the speed of the in-wheel 
motor drive is usually within the range of 0~1000rpm, the 
motor drive has to be designed either for a low speed gearless 
type or a high speed gear type [1], [29]-[30]. For the low 
speed type, it has the advantage of gearless operation, but it 
has to be designed with the bulky size and heavy weight for 
achieving the high torque output. For the high speed type, 
although it removes the drawbacks for heavy weight and large 
size, it suffers the advantages of acoustic noise transmission 
loss and regular lubrication. 
Vernier PM machines are a new kind of electric machines, 
which has the attractive merit of offering the high torque 
output at low speed operation [31]-[36]. Hence, they are 
proposed to apply for EV application and wind power 
generation. Also, flux-controllable machines are another new 
type of electric machines, which are striking for their flexible 
flux control ability [37]-[39]. Thus, they are also suggested to 
utilize as the wind generators and EV motors. The purpose of 
this paper is to artfully integrate these two merits together for 
proposing a new gearless flux-controllable vernier permanent 
magnet in-wheel (FCVPM-IW) motor drive for EVs. The key 
is to use the vernier structure for obtaining the high-speed to 
low-speed gear effect and hence achieving the high output 
torque at low speed operation for EVs. Also, this motor drive 
adopts the DC field winding for performing the flux 
weakening control at high speed operation. In addition, in 
order to eliminate the mechanical transmission of in-wheel 
structures, the outer-rotor topology is adopted for the design of 
in-wheel motor drive. 
Section II will discuss the different configurations of in-
wheel motor drives and present the proposed FCVPM-IW type. 
Section III will be devoted to the proposed machine design, 
analysis and control. Then, the verification results will be 
given in Section IV. Finally, Section V will give a conclusion. 
II. CONFIGURATION OF IN-WHEEL MOTOR DRIVE 
Fig. 1 shows the schematic comparison of different 
topologies of in-wheel motor drives, including the traditional 
low-speed gearless type, current high-speed geared type, and 
proposed FCVPM-IW type. For the traditional low-speed 
gearless type, it can be seen that the machine with outer-rotor 
directly coupling with the tire rims. But, it has to be designed 
with large size for providing the high torque output, which 
makes the whole structure very bulky and cumbersome. For 
the current high-speed geared type, it overcomes the bulky 
motor design by adding a high-to-low speed planetary gear set 
between the motor rotor and the tire rim. So, the motor can be 
designed with a normal size for high speed operation. 
However, the planetary gear set has to be utilized, which 
increases the complication of the in-wheel drive system and 
decrease the efficiency of the power transmission. For the 
proposed FCVPM-IM type, its outer rotor directly connects 
with the tire rim and hence removing the mechanical 
transmission. Thus, the proposed in-wheel motor drive 
achieves the merits of small size and weight, and eliminates 
the drawbacks due to the mechanical gear. 
Fig. 2 gives the schematics of a plug-in EV driving system, 
which includes the proposed FCVPM-IW motors, the power 
converter, the controller, and the battery tank. This direct-
drive system adopts in-wheel motor drives for four wheels, 
which can provide the strongly propelling power for EV 
operation. The in-wheel motors play the role of 
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 electromechanical transmission. And the power converter can 
adopt the bidirectional type in such a way that the EV energy 
can be fed back to the battery tank in downhill or braking 
situation. The controller takes the responsibility of 
coordinating control of four wheels and the energy 
management. The battery tank offers the energy storage for 
charging and discharging. The plug-in inverter is for EV 
charging with the family 13A plug. Therefore, the proposed 
in-wheel motor drive system is capable to operate in the 
following modes, namely the starting or boosting mode, the 
charging mode, and the steady-speed mode [21], [29]. 
(Mode I.) When the EV begins to launch or needs to accelerate 
within a short time, the in-wheel motor drive operates in the 
starting or boosting mode. In this mode, the motor drive 
should provide the high torque output at the low speed state. 
Also, the torque can bring the EV entering the normal 
operation situation. 
(Mode II.) When the EV goes downhill or runs in braking 
situation, the in-wheel motor drive works in the charging 
mode. In this mode, the EV can recover or regenerate the 
braking energy by the same machine, and hence charging the 
battery. It means that the in-wheel machine works at the 
generating mode. 
(Mode III.) When the EV enters the cruising situation, the in-
wheel motor drive runs in the steady-state mode. In this mode, 
the EV works very smoothly at high speed level and operates 
in the high efficiency region. Also, it tells that the EV can 
easily achieve the capability of the continuously variable 
transmission based on the motor drive control. 
 
 
(a) 
     
(b)             (c) 
Fig. 1. Schematic topologies of in-wheel motor drives. (a) Traditional low-
speed gearless type. (b) Existing high-speed geared type. (c) Proposed 
FCVPM type. 
 
Fig. 2. Schematics of a plug-in EV driving system. 
 
III. MACHINE DESIGN AND ANALYSIS 
A. Machine Design 
The proposed FCVPM-IM machine structure is shown in 
Fig. 3, which is an outer-rotor topology [36]. It can be seen 
that the inner stator accommodates two set of windings, 
namely the three-phase armature winding and the DC field 
winding. Also, 24 salient poles are set up in the inner stator for 
performing the flux modulation and hence obtaining the gear 
effect. In addition, the outer rotor has 22 pole-pair PMs, which 
is suitable for intermittent operation and directly coupling with 
the EV tire rims. 
The proposed machine has the vernier structure for its 
tooth-pole arrangement, which achieves the attractive merit of 
offering the high torque output at low speed operation. And 
this merit is very suitable for the starting or boosting mode of 
the in-wheel motor drive. The basic principle of the tooth-pole 
arrangement is obeyed the following equations [31]-[33]: 
ssr pNN −=  (1) 
where rN  is the number of rotor PM pole pairs, sN  is the 
number of flux-modulation salient poles, and sp  is the 
number of armature winding pole pairs. Hence, the 
corresponding high-to-low speed ratio rG  is governed by 
[31]-[33]: 
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where ,...5,3,1=i  and ,...2,1,0 ±±=j . When 1=i  and 1−=j , 
the largest space harmonic component is obtained. In addition, 
the relationship between the sN  and sp  can be given as [36]: 
kpmN ss ××=  (3) 
where m is the number of winding phases and k is the flux-
modulation poles per phase per armature pole. Usually, it has 
,...5,4,3,2=k . 
Thus, for the proposed in-wheel motor drive, it selects the 
following parameters of 3=m , 2=sp , and 4=k . Then, it 
has 24=sN , 22=rN , and 11=rG , which tells that the rotor 
speed is only 1/11 of that in stator for armature rotating field 
speed. 
 Also, this machine utilizes two set of windings for the 
armature current control and the field excitation control. 
Hence, it can obtain the flux weakening ability at high speed 
operation. And this merit is suitable for the steady-state mode 
of the in-wheel motor drive. The corresponding principle of 
the flux control can be referred to the literatures of [37]-[39]. 
 
 
 
Fig. 1. Magnetization as a function of applied field.  
Note how the caption is centered in the column. 
 
B. Machine Analysis 
The time-stepping finite-element-method (TS-FEM) is 
utilized for the steady-state and transient performances 
analysis of the proposed in-wheel motor drive. The 
mathematic model of the motor drive includes three set of 
equations, namely the electromagnetic field equations of the 
machine, the armature circuit equation of the machine, and the 
motion equation of the motor drive [40]-[44]. 
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where Ω is the field solution region, A the magnetic vector 
potential, J the current density, σ the electrical conductivity, 
and rxB  , ryB  the remnant flux density. Second, the armature 
circuit equation of the machine during motoring is given as 
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e  (5) 
where u is the applied voltage, R the winding resistance, eL  
the end winding inductance, l the axial length, S the conductor 
area of each turn of per phase winding, and eΩ  the total cross-
sectional area of conductors of each phase winding. Third, the 
motion equation of the machine is given by 
λωω −−= Lem TTdt
dJ  (6) 
where mJ  is the moment of inertia, ω  the mechanical speed, 
LT  the load torque, and λ  the damping coefficient. 
Hence, after the equations of (4) ~ (6) are discretized, the 
machine model can be deduced and calculated. Consequently, 
the steady-state and transient performances of the motor drive 
can be obtained. 
C. Control Circuit 
Since the proposed in-wheel motor drive has two set of 
windings (armature winding and DC field winding), the 
corresponding two set of control circuits of Fig. 4 are used for 
the two type of current control, namely the armature current 
control and the DC field current control [12], [15], [21]. For 
the armature current control, the full-bridge inverter circuit is 
adopted, which inherently processes the independent phase 
control and hence achieving the fault-tolerant capability for 
electrical isolation among phases. Also, this full-bridge circuit 
can be easily revised as the bidirectional type for the energy 
feedback to the battery tank. For the field current control, the 
H-bridge inverter circuit is used, which can readily regulate 
the amplitude and the direction of the DC current by adjusting 
the duty cycle of the selected conductive switches. 
 
 
(a) 
 
(b) 
Fig. 4. Control circuits for the proposed in-wheel motor drive. (a) Armature 
winding control circuit. (b) Field winding control circuit. 
IV. RESULTS 
The performances of the proposed in-wheel motor drive 
are calculated and analyzed by the TS-FEM, including the 
basic characteristics and three operation modes. The 
corresponding key parameters are given in Table I.  
First, the basic characteristics of the proposed in-wheel 
motor drive are discussed as shown in Fig. 5. From Fig. 5(a) 
and Fig. 5(b), it can be seen that the airgap flux density has the 
same pole pairs of the rotor PMs with the value of 22 within 
360 degree under the two pole pairs of the stator rotating field. 
Thus, it verifies that the gear effect and the vernier structure. 
Also, the average value of the airgap flux density with flux 
control is obviously less than that of the one without flux 
control. In addition, from Fig. 5(c), it can be observed that the 
flux linkage decreases a lot with flux control. Hence, it proves 
that validity of the flux control for the proposed in-wheel 
motor drive. Furthermore, Fig. 5(d) shows the cogging torque 
of the machine, which value is only 3.4% of the steady torque. 
Second, the torque performances are given, which can 
evaluate the capability of the starting or boosting mode of the 
motor drive. Fig. 6(a) shows the steady-torque of the motor 
drive under the rated current without flux control. So, it can be 
derived that with 2 or 3 times of the rated current, this motor 
 drive can provide the enough propelling power for the EV 
starting or boosting. In addition, the theoretically operating 
characteristics of the proposed in-wheel motor drive are given 
in Fig. 6 (b). It can be observed that the Region I. is for the 
motor cranking [45]-[50]. The Region II. is for the constant 
speed operation where the motor drive can be further boosted 
for a higher torque output, such as the hill climbing. 
Third, the charging mode of this motor drive is evaluated. 
Fig. 7(a) shows the no-load EMF of the machine, which 
operates at 600rpm. It tells that during the downhill operation 
or braking situation, the machine can feed back the energy to 
the battery tank. The corresponding theoretically rectified 
voltage is about 767V after the capacitor filtering, which is 
given in Fig. 7(b). Hence, it can be further regulated to the 
suitable battery charging voltage by the DC-DC converter. 
Forth, the flux weakening ability of the proposed motor 
drive is studied, which can evaluate the smooth operation for 
the steady-state of the motor drive. Fig. 8(a) shows the flux 
linkage waveforms under 1000rpm with different field 
currents. It can be observed that with different field current, 
the flux linkages can be readily tuned down, hence proving the 
tuning ability of the proposed motor drive, as well as obtaining 
the desired electromagnetic parameters. Furthermore, Fig. 8(b) 
gives the theoretically torque capability under different EV 
operating speeds. It can be seen that with flux weakening 
control, the motor drive can work in the constant power region, 
and hence improving the performance of EV operation. 
 
TABLE I 
PARAMETERS OF IN-WHEEL MOTOR DRIVE 
Item Value 
Armature winding 3 phases AC current 
Field winding DC current 
Speed range 0~1000 rpm 
Rated torque 90 Nm 
Number of rotor PM pole pairs 22 
Number of flux modulation poles 24 
Number of field winding poles 6 
Number of armature winding pole pairs 2 
Number of flux modulation poles 
per phase per armature pole 
4 
Diameter of rotor outside 246.0 mm 
Diameter of rotor inside 211.2 mm 
Diameter of stator outside 210.0 mm 
Diameter of shaft 40.0 mm 
Stack length 80.0 mm 
Airgap length 0.6 mm 
Yoke material Iron steel 
PM material Nd-Fe-B 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 5. Basic characteristics of proposed in-wheel motor drive. (a) Airgap flux 
density without flux control. (b) Airgap flux density with flux control. (c) Flux 
linkages. (d) Cogging torque. 
 
 
(a) 
 
(b) 
Fig. 6. Mode I: Starting or booting performances. (a) Steady torque under 
rated currents. (b) Theoretically operating characteristics. 
  
(a) 
 
 
(b) 
Fig. 7. Mode II: Charging performances. (a) No-load EMF waveform. (b) 
Theoretically rectified voltage. 
 
 
 
 
(a) 
 
 
(b) 
Fig. 8. Mode III: Flux weakening ability. (a) Flux linkage amplitudes with 
different field currents. (b) Theoretically torque capability. 
 
 
V. CONCLUSION 
In this paper, a new direct-drive in-wheel motor drive is 
proposed, which adopts the vernier structure and double 
winding concept for performing the gear effect and flux 
control. The inherent outer-rotor topology make the machine 
easily connect with the wheel rim and removes the drawback 
of the mechanical transmission. Also, its vernier structure 
benefits the high torque output at low speed operation. 
Additionally, the created DC field winding helps the motor 
drive readily obtaining the flux weakening control at high 
speed operation. TS-FEM model is built up and verifies the 
validity of the motor drive design. Also, three-operation 
modes of the in-wheel motor drive are studied, which shows 
the feasibility of the motor drive applying for EVs. 
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